ABSTRACT: For the development of nutrient budget models to recommend lime and fertilizers for agricultural and forestry crops, curves of plant growth and nutrient accumulation are required. Information about how nutrients are partitioned between the different plant organs is also necessary, but still scarce for pine in Brazil. This study evaluated the growth, biomass partitioning, and nutrient dynamics in pine forests in southern Brazil. To this end, we assessed unthinned 2, 4, 6, and 8-year-old stands of Pinus taeda L. Three plots of 20 × 30 m per stand were delimited, in which three trees of different classes of diameter at breast height (DBH) were chosen. These trees were measured, felled, and the weight of their fresh components (leaves, branches, bark, and wood) was evaluated. Samples of each tree compartment and from the forest litter were taken to determine dry weight and nutrient content. From trees of the mean DBH class, the roots were also collected and the dry weight and nutrient contents determined. The same sampling procedure was carried out with soil for physical and chemical characterization. Regression models were adjusted to estimate growth, nutrient uptake, and nutrient use efficiency of pine trees, based on data collected in this and previous studies. The equations developed in this research can be used in nutrient budget models as well as in other simulation models, to establish recommendations of lime and fertilizers for Pinus taeda stands in southern Brazil.
Tree Growth and Nutrient Dynamics in Pine Plantations in Southern Brazil

INTRODUCTION
The most commonly planted pine species in Brazil, Pinus taeda and Pinus elliottii, are well-adapted to the low availability of soil nutrients (Viera and Schumacher, 2009) . In general, the growth rate of these species is not excessively compromised when no liming and fertilization are applied, particularly in the first rotations (Reissmann and Wisniewski, 2000) . However, positive responses to fertilization were observed under different managements and in different environments (Muniz et al., 1975; Reissmann and Wisniewski, 2000; Ferreira et al., 2001; Moro et al., 2014; Coyle et al., 2016) . Moreover, the nutrients exported by the crops must be replenished (Viera et al., 2011) , which is a fundamental practice to reduce the environmental impact of any agricultural or forestry crop. Therefore, fertilizer recommendations have been developed in Brazil (Gonçalves, 1995; Vogel et al., 2005) , and their effects on the plant physiology and resource use efficiency were evaluated (Campoe et al., 2013; Ward et al., 2015) .
The traditional approach to the establishment of criteria for lime and fertilizer recommendations for agricultural or forestry crops is based on correlation and calibration studies (Alvarez V, 1996) . This approach requires the implementation of extensive experimental networks for the elaboration of tables for interpretation of soil analysis results, a condition that can be a strong limitation in the case of poorly studied, longcycle species, such as pine. An alternative would be the use of models, such as nutrient budget models (Barros et al., 1995; Santos et al., 2008; Silva et al., 2009) , as are being used successfully in Brazil for Eucalyptus. The assumption behind these models is: there is a close relation between nutrient availability in the soil and tree nutrient accumulation and tree growth.
These models allow a quantification of the nutritional demand of plants, associated to a certain growth rate according to local conditions, and of the capacity of nutrient supply by the soil. Based on the balance between the plant requirements and soil nutrient supply, the application rate of each nutrient and fertilization strategy of the crop are determined.
Underlying the development of these models, curves of plant growth and nutrient accumulation for the crop must be established. This information is still rather scarce for pine in Brazil, but it can be easily obtained in commercial forests.
Here, we present the biomass production and partitioning of nutrients in pine forests in the state of Paraná and equations to estimate plant growth, nutrient contents, and indicators of nutrient use efficiency of Pinus taeda L plantations in Brazil.
MATERIALS AND METHODS
The study was carried out in Pinus taeda plantations on the Fazenda São Nicolau (24° 11' S and 49° 58' W; 733 m a.s.l.), in the district of Arapoti, and on the Fazenda Caetê (24° 2' S and 50° 27' W; mean altitude 785 m a.s.l.), in the district of Curiúva (PR).
By the Köppen classification system, the regional climate type is Cfb, defined as mesothermic, humid and superhumid, with no dry season, cool summers, with a mean temperature of the hottest month below 22 °C and severe and frequent frosts. The mean annual rainfall in the growth period of the sampled trees was 1,500 mm.
The study site is located in the second plateau region, Ponta Grossa plateau or Paleozoic plateau, with cliffs facing east between 1,100 and 1,200 m a.s.l. The mineralogy of the region consists of paleozoic sediments, containing sandstones, shales, phyllites, carbonaceous and bituminous schists, and limestone (Brasil, 1981) . The soil at the sampling site is classified as Latossolo Vermelho Distrófico típico (Streck et al., 2008) , an Oxisol (Soil Survey Staff, 2014).
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The data were collected in four unthinned P. taeda stands, with 2, 4, 6, and 8-year-old trees, in November and December 2002 and January 2003. Based on forest inventory data, the management units III (São Caetê) and IV (Faz. São Nicolau) were used, classified according to the dominant height of 20-year-old trees (27.3 and 26 m, respectively). The plant spacing of the 2-year-old stands was 2 × 3 × 4.5 m, and 2 × 3 m in the other stands. The selected areas were not limed or fertilized. In each stand, three 20 × 30 m plots with approximately 105 trees were delimited. Three trees per plot were chosen: one with the mean DBH of the plot; another with the mean DBH of the plot minus one standard deviation; and a third tree with the mean DBH of the plot plus one standard deviation. The purpose of selecting trees based on their diameter was to evaluate possible relationships between plant growth, nutrient use efficiency, and nutrient partitioning. The total height of the selected trees was measured, and then they were felled.
After cutting the trees, the weight of the needles, branches, and trunk with and without bark were determined. The root weight of the mean DBH tree was also determined after extraction by the excavation method, to a depth of 1.50 m. Litter samples were collected at three points per plot, using 0.20 × 0.20 m frames. All samples were taken to the laboratory and weighed on a precision scale. After drying in an oven with air renewal/circulation at 75 °C, for 72 h, the dry matter of each plant and litter component was determined.
Samples of all tree components were chemically analyzed for N, P, K, Ca, and Mg contents. Nitrogen was determined after sulfuric acid digestion, as proposed by Bremner (1965) . Nitric-perchloric digestion was used for the other nutrients (Johnson and Ulrich, 1959) . The P concentration was determined by molecular absorption spectrophotometry and K by flame emission photometry. The Ca and Mg concentrations were determined by atomic absorption spectrophotometry.
From the nutrient concentrations and dry weight of the components, the nutrient contents in the trees were obtained. The nutrient use efficiency (UE) was calculated as the ratio between the dry matter weight and nutrient content in the evaluated tree component.
Composite samples of the 0.00-0.20 m soil layer were blended from three simple samples, randomly collected per plot. The soil samples were analyzed for their chemical and physical properties (Table 1) .
Regression equations were adjusted to estimate nutrient use efficiency, and dry matter and nutrient content in the different plant components. The cylindrical volume and tree age were used as independent variables in the fitting of the equations. The variable UE was included among the independent variables in the equations to estimate nutrient contents in bark, wood, and roots.
To obtain equations with higher extrapolation capacity, the data of Valeri (1988) (P. taeda) and Miranda and Barros (1994) (P. caribaea var. hondurensis and P. oocarpa) were used to estimate dry matter production of Pinus sp. The analyses were performed according to the methods described by Tedesco et al. (1995) .
All models were chosen based on the significance of the coefficients and the values of the determination coefficients (R 2 ). The model applicability test, recommended by Ahrens (1980) , was also performed to minimize the effects of error dispersion and to enable the use of models at locations other than the sampling sites.
RESULTS
In general, there was an increase in the weight of needles and branches with increasing trunk volume (Tables 2 and 3 ). Aside from the cylindrical tree volume, age was considered as an estimation variable for these components, indicating a relative reduction in the relevance of needles and branches during the stand development. The dry weight values of the trunk and its components were more reliably estimated when the cylindrical volume was used as only independent variable. Similar functions were obtained by relating the data of this research with data from previous studies (Table 4) . There were no differences in the N, P, K, Ca, and Mg contents between trees of the same age and different DBH classes, although the N, P and K contents in branches, bark, wood, and roots decreased over time with increasing internal nutrient use efficiency (Tables 5 and 6 ). The Ca and Mg contents in branches and roots increased with age, but did not vary considerably in bark and wood.
The increase in the N, P, K, Ca, and Mg contents was generally followed by an increase in the tree biomass and its components up to the age of 8 years (Figure 1 ). In the mean, 60 % of the detected total nutrient content was taken up by the trees until the age of 4 years.
Nutrient allocation also shifted over time; nutrient allocation to the woody tree components increased in older plantations (Figure 2) . The regression models obtained for estimating the content and use efficiency of N, P, K, Ca, and Mg in the different pine tree components (Tables 6 and 7 ) fitted well to the obtained data, with determination coefficients equal to or greater than 0.77. It was not possible to fit an equation that could satisfactorily explain the variance in the K litter content.
DISCUSSION
The growth and biomass allocation patterns described in this study differed from those in previous studies, especially from those developed under temperate conditions, for which more information about pine cultivation is available. For example, the dry matter yield of 2-year-old medium-sized trees was lower than that observed by Adegbidi et al. (2002) for intensely managed P. taeda trees (treated with weeding and fertilized with 120 kg ha -1 N, 58 kg ha -1 P, 40 kg ha -1 K, and 1.5 kg ha -1 B), grown in sandy and low-fertility soils in Georgia, USA. However, in 4-year-old trees, the values observed in this study were almost twice as high as those reported in the previous study. Also in Georgia, Samuelson et al. (2014) obtained lower values in the treatments with the best results in that study (with fertilization and without exclusion of rainwater). Minor differences were observed in comparison with previous experiments performed in Brazil (Valeri, 1988) . These findings show the high production capacity of the sites where P. taeda is grown in Brazil, compared to other producing countries, such as the United States.
Aside from the climatic differences, it is important to consider that differences between the cited studies are probably also associated to the properties of each forest site, e.g., the low content of clay in the soil used by Adegbidi et al. (2002) and of organic matter in the study of Samuelson et al. (2014) .
Nutrient concentrations and content in plants
The reduction in N, P and K content in branches, bark, wood, and roots of the plants over time was already expected and can basically be explained by the intensification of internal cycling of these nutrients that have a higher phloem mobility. On the other hand, the greater stability or increase in calcium content in the different plant organs is a result of its lower mobility in the phloem. Thus, the Ca content tends to remain stable or increase in the tissues throughout the rotation. These allocation patterns were expected, although it is important to consider the environmental influence on the internal nutrient cycling in the trees (Turner and Lambert, 2015) , mainly in the recyclable components, e.g., the needles.
The macronutrient contents considered adequate in Pinus sp. needles ranged from 1.1 to 1.3 dag kg -1 for N; 0.08 to 0.12 dag kg -1 for P; 0.6 to 1.0 dag kg -1 for K; 0.3 to 0.5 dag kg -1 for Ca; and 0.13 to 0.20 dag kg -1 for Mg (Gonçalves et al., 1996) . The contents of P, K, Ca, and Mg observed in this study were higher than the reference values mentioned above, indicating a higher availability of these nutrients at the studied site. Moreover, the data sampling for the cited study started in November (spring), and was completed by the end of January (summer), a period during which water availability is greater, associated with a greater nutrient supply of the plants. The rapid nutrient accumulation by the trees up to the age of 4 years ( Figure 1 ) strongly indicated that fertilization, if required, should be applied before the stands reach that age. This information is corroborated by the data reported by Miranda and Barros (1994) since, in a fertilization experiment of Pinus caribaea var. caribaea, greater volume increase was obtained in the treatment in which fertilization was applied until the age of 3 years. The treatment effect was more pronounced in younger trees. The gain in relation to the control was 13.6 %, corresponding to 42 m 3 of wood per ha.
A comparison showed that the nutrient content reported by Adegbidi et al. (2002) for 2-year-old trees in the United States was higher than that found in our research. Similar to biomass accumulation in 4-year-old trees, nutrient contents in the trees and their components were higher in this study.
For Eucalyptus plantations, considering a cutting cycle of 6.5 years at the normal spacings used in Brazil, about 70 % of the demand for each nutrient is required in the first 4.5 years of stand growth (Santana et al., 2008) , as similarly found by Miranda and Barros (1994) and in this study. The regression equations fitted in this study to estimate nutrient contents in pine trees can be used in models for fertilization recommendations for the crop. These equations are useful in these models to calculate nutrient extraction and export from pine stands. However, it is noteworthy that the scarcity of information about nutrient dynamics in pine plantations in Brazil is still a great obstacle for the generation of models with greater extrapolation capacity. Thus, studies such as this, carried out under other growth conditions, are necessary for the formation of more robust databases, to promote pine management in the tropics.
Based on the mean nutrient content accumulated in 8-year-old trees, the nutrient concentrations extracted from the soil to support Pinus taeda tree growth under the experimental conditions could also be estimated (Table 8) . These values can be used as reference for pine fertilization.
Nutrient use efficiency
Several indices show the nutritional efficiency of forest species or forest stands (Vitousek, 1982; Shaver and Melillo, 1984; Hiremath, 1999; Turner and Lambert, 2015) , one of which is represented by the ratio of the plant dry matter by its nutrient content (Shaver and Melillo, 1984) . Apart from their importance for the understanding of plant nutrient dynamics, these indices are also used in simulation models, including nutrient budget models (Barros et al., 1995; Comerford et al., 2006) .
In this analysis, we established UE-estimation equations for the trunk (Table 6 ). The resulting equations represent, basically, the increase of UE over time, reflecting the intensification of biochemical cycling processes during forest growth and development. Despite the importance of the effect of age on the nutrient use efficiency of forest species, other factors may also be associated to improve plant nutrient use. In this study, the input of the produced biomass improved the fit of the models.
CONCLUSIONS
The equations developed in this study to estimate biomass, nutrient use efficiency, and nutrient contents in the trees can be used in nutrient budget as well as other simulation models, for nutrient management in Pinus taeda stands.
The rapid nutrient accumulation by trees up to the age of four years is a strong indication that fertilization should be applied before the stands reach this age.
The high nutrient allocation in Pinus taeda branches and needles up to the age of eight years reinforces the recommendations for the maintenance of these residues at the forest site at the time of thinning and/or debranching in the stands.
